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The electronic transport and spincaloric properties of epitaxial magnetic tunnel junctions with half-metallic
Co2MnSi Heusler electrodes, MgO tunneling barriers, and different interface terminations are investigated by
using first-principles calculations. A new approach to spincaloric properties is presented that circumvents the
linear response approximation inherent in the Seebeck coefficient and compared to the method of Sivan and
Imry. This approach supports two different temperatures in the two electrodes and provides the exact current
and/or voltage response of the system. Moreover, it accounts for temperature-dependent chemical potentials in
the electrodes and finite-bias effects. We find that especially the former are important for obtaining qualitatively
correct results, even if the variations of the chemical potentials are small. It is shown how the spincaloric
properties can be tailored by the choice of the growth conditions. We find a large effective and spin-dependent
Seebeck coefficient of −65 µV/K at room temperature for the purely Co-terminated interface. We suggest to
use such interfaces in thermally operated magnetoresistive random access memory modules, which exploit the
magneto-Seebeck effect, to maximize the thermally induced readout voltage.
I. INTRODUCTION
Magnetic tunnel junctions (MTJs) with ferromagnetic, half-
metallic electrodes are interesting spintronics1–3 devices due
to their high tunnel magnetoresistance (TMR) ratio; if a volt-
age is applied to such a device, the resulting current depends
strongly on the relative magnetization of the electrodes and
ideally vanishes for the antiparallel configuration. Thus, MTJs
can store information and are, for instance, building blocks of
magnetoresistive random access memory (MRAM).
This stored information can also be read out by application
of a thermal gradient instead of an electric field. The See-
beck voltage, which arises in a MTJ due to a thermal gradient
between the two electrodes [cf. Fig. 1(a)], can be used to de-
tect the state of the electrode magnetization.4 This magneto-
Seebeck effect can be expected to be very large in the case of
half-metallic electrodes. In contrast to conventional MRAM
modules,5 no charge current flows in the readout process.
Hence, aging effects in the devices due to electromigration
can be reduced.
There has been quite some interest in epitaxial
Co2MnSi/MgO(001)/Co2MnSi MTJs in the past, both
experimental and theoretical. Ishikawa et al. recently re-
ported a TMR ratio of 705 % at 4.2 K and 182 % at room
temperature,6 while Liu et al. achieved almost 2000 % at
4.2 K and up to 350 % at room temperature (with an addi-
tional CoFe buffer layer as substrate for the lower electrode7).
Hülsen et al. reported on the electronic structure of different
Co2MnSi/MgO(001) interfaces.8
In the present paper we will approach this system from
a different angle. Ab initio electronic transport calculations
are employed to investigate thermoelectric and/or spincaloric
properties in dependence on the interface atomic structure. In
order to obtain enough data to reliably deduce these quanti-
ties, previous transport calculations by Miura et al.9,10 that are
conceptually similar to our work had to be extended consider-
ably. The interface atomic structure can be influenced by the
growth conditions,8 which provides the opportunity to tailor
and optimize the spincaloric properties in real MTJ devices.
We compare results calculated by using the conventionally
employed, approximate method of Sivan and Imry11 with re-
sults obtained from the Landauer-Büttiker equation.12 The lat-
ter procedure, which we introduce in this paper, circumvents
the linear response approximation inherent in the Seebeck co-
efficient and directly provides the response of the system (cur-
rent or voltage) to arbitrary electrode temperatures. Moreover,
thermal variations of the chemical potentials in the electrodes
and finite-bias effects can be readily included in this method.
We find that the former, albeit being small, lead to consider-
able quantitative and qualitative differences in the thermally
induced current and voltage from expectations based solely
on the conventional Seebeck coefficient. Finally, we present
the concept of thermally operated MRAM modules, which ex-
ploit the magneto-Seebeck effect, and provide an estimate of
the expected voltages in these devices under realistic condi-
tions.
II. NUMERICAL DETAILS
The electronic structure and transport calculations have
been performed within the framework of spin-polarized den-
sity functional theory13 (DFT) employing the plane-wave
pseudopotential method as implemented in the QUANTUM-
ESPRESSO code,14 with the PBE generalized gradient approx-
imation parametrization of the exchange-correlation func-
tional.15 Wave functions and density have been expanded into
plane waves up to cutoff energies of 35 and 350 Ry, respec-
tively. The neighborhood of atom centers has been approx-
imated by self-created ultrasoft pseudopotentials (USPPs16),
treating the atomic Co 3d, 4s, 4p, Mn 3p, 3d, 4s, 4p, Si 3s, 3p,
Mg 2p, 3s, 3p, and O 2s, 2p subshells as valence states.17,18
For Co, Mn, and Si, a nonlinear core correction19 has been in-
cluded. During the pseudopotential creation process a scalar-
relativistic approximation has been applied to the electron mo-
tion. A Methfessel-Paxton smearing20 of 10 mRy has been
used during the Brillouin zone (BZ) sampling, which has been
performed with a 16× 16× 2 Monkhorst-Pack k-point grid21
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Figure 1. (Color online) (a) Schematic illustration of a MTJ. Either
an electric field or a thermal gradient can be applied to the device.
(b) Atomic structure of bulk Co2MnSi and (c) its electronic band
structure for the two different spin channels. The band gap in the mi-
nority spin channel at the Fermi energy (zero energy) is clearly vis-
ible. The red diamonds are our all-electron LAPW results for com-
parison, underlining the accuracy of the pseudopotential approach
(black lines).
for the Heusler/MgO/Heusler supercells and a 16 × 16 × 12
k-point grid for the Heusler electrodes. All grids have been
chosen in such a way that they do not include the Γ point and
deliver accurately converged Fermi energies and potentials.
All internal atomic positions have been accurately opti-
mized by using Hellmann-Feynman forces to reduce the force
components below 1 mRy/bohr and the energy changes be-
low 0.1 mRy. Moreover, the length of every considered
Heusler/MgO/Heusler supercell has been optimized in or-
der to determine the ideal, energy-minimizing Heusler-MgO
spacing for each interface termination.
For the transport properties, we have considered an open
quantum system consisting of (i) a scattering region compris-
ing the MgO barrier material and a chosen interface to the
Heusler electrodes, and (ii) the left and right semi-infinite
Heusler electrodes (leads). From the accurately converged
DFT potentials of the leads and of the scattering region, trans-
port coefficients have been calculated separately for both spin
channels by using a method following Refs. 22 and 23. In
order to sample the two-dimensional (2D) BZ (perpendic-
ular to the direction of the tunneling current) on a reason-
able computational time scale, we have massively parallelized
the method. Sufficient convergence of the energy- and spin-
resolved transmission,
Tσ(E) = 1
ABZ
∫
d2k⊥ Tσ(E,~k⊥), (1)
with respect to the 2D k⊥-point grid has been found to be at-
tained with a 401 × 401 regular mesh. Here, ABZ is the area
of the 2D BZ. The regular energy mesh on which Tσ(E) has
been explicitly calculated has a spacing of 25 meV. Subse-
quently, the transmission has been interpolated on a refined
energy mesh with a 1.36 meV (0.1 mRy) spacing. As we
will see in the following, the transmission Tσ(E) is the central
quantity in all subsequent considerations.
The focus of this paper lies on the electronic trans-
port through the MTJs for a parallel magnetization of the
ferromagnetic electrodes. We neglect potential contribu-
tions of Co2MnSi nonquasiparticle states near the conduc-
tion band of the minority spin channel24 as well as finite-
temperature inelastic processes, e.g., due to phonons or (in-
terface) magnons.25–27 Especially the latter are suspected to
induce a small, finite transmission of minority spin electrons
despite the half-metallic band gap, thus reducing the TMR
ratio or the spin-dependent Seebeck effect at larger temper-
atures. Since only light elements are involved, we neglect
the influence of spin-orbit interaction, which can (i) lead to
a very small finite density of states within the half-metallic
band gap28 and (ii) give rise to a small spin-flip scattering.
It is possible to include the effect of spin disorder on the
spincaloric phenomena, as it has been done, for instance,
for nanostructured Co systems29 or (Cr,Zn)Te half-metallic
nanostructures.30 Note, however, that the Curie temperature of
Co2MnSi is three times as high as for CrTe (334 K), which is
why such effects are expected to be far more important in the
latter case than in the former. Finally, we make the assump-
tion that the process of electron tunneling through the insulat-
ing barriers occurs at a lower rate than energy dissipation and
thermalization processes in the electrodes (reservoirs), so that
we have well-defined temperatures, chemical potentials, and
Fermi-like distribution functions in the electrodes at all times.
III. ATOMIC AND MAGNETIC STRUCTURE
A. The bulk Heusler material
The ferromagnetic (TC = 985 K31) ternary Heusler alloy
Co2MnSi is a full Heusler alloy, i.e., it possesses two Co atoms
per formula unit. These Co atoms form cages in which eight-
fold coordinated Mn and Si atoms are enclosed [cf. Fig. 1(b)].
This is the so-called L21 structure; the corresponding space
group is Fm3¯m, which includes the inversion operation. The
experimental lattice constant is 5.654 Å.31 Here we will be
using our theoretical USPP value, a0 = 5.633 Å, which is
very close to the all-electron linearized augmented plane wave
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Figure 2. (Color online) Majority spin Fermi surface sheets of bulk Co2MnSi, shown in the first BZ of the fcc lattice. They have been derived
from the PBE electronic structure and correspond to the three different bands that cross the Fermi energy [cf. Fig. 1(c)].
(LAPW) value 5.636 Å.32 Comparison of all-electron results
displayed in Fig. 1(c) (red diamonds) with our USPP band
structure (black lines) further demonstrates the high quality of
the pseudopotentials used here.
The most striking property of Co2MnSi is its wide (indirect,
Γ – X) band gap (energy width ≈ 0.81 eV) in the minority
spin channel, which can clearly be seen in the band structure
in Fig. 1(c). This special situation where one spin channel is
metallic, while the other one is semiconducting or insulating,
is referred to as “half-metallicity”.33 The band gap in the mi-
nority spin channel is delimited by Co 3d states belonging to
different representations of the symmetry group.34
Recent DFT calculations, complemented by the many-body
quasiparticle GW approximation, have corroborated the view
of Co2MnSi being a half-metallic ferromagnet.35 A very re-
cent experimental publication claims a large spin polarization
of around 93 % in 70 nm Co2MnSi films grown epitaxially on
MgO(001) and a 30 nm Co2MnGa buffer layer on the basis
of ultraviolet and x-ray photoemission spectroscopy experi-
ments.36
A consequence of the half-metallicity is that, without in-
elastic processes, only majority spin electronic transport can
occur around the Fermi energy. Figure 2 shows calculated
Fermi surface sheets of the majority spin channel of bulk
Co2MnSi, which can be helpful for the analysis of transport
properties in the following. According to Fig. 1(c), the Fermi
energy is crossed by three different bands along Γ – X (∆
symmetry line). However, while one band crosses the Fermi
energy also along Γ – L (Λ symmetry line), which leads to
a closed Fermi surface sheet, the other two bands cross the
Fermi energy along W – L, which leads to Fermi surface
sheets with “necks” along the 〈111〉 directions.
B. Magnetic tunnel junctions
The (001) surface of Co2MnSi can be matched epitaxially
to MgO(001) if either of them is rotated by 45◦ about the
[001] axis. The laterally smallest supercell that can be used
to model the MTJs is tetragonal, with an in-plane lattice con-
stant of a0/
√
2. Thus, it contains Co2MnSi in its rotated form.
Ideally, i.e., without the relaxation effects that occur in the
vicinity of the interfaces, the tetragonal Heusler/MgO/Heusler
supercells are set up such as to contain two atoms in each
Heusler layer and four atoms in each MgO layer.
The calculated (experimental) lattice mismatch between
Co2MnSi and MgO is 6.6 % (5.1 %), which means that the
epitaxial MgO layer is subject to in-plane compressive strain.
Consequently, the MgO layer will distort tetragonally and ex-
pand in [001] direction, such that the distance between two
atomic MgO(001) layers increases by 5.6 % to 2.252 Å. The
direct PBE band gap increases from 4.4 eV to 5.0 eV.
In Fig. 3 we can see the optimized atomic structure of the
epitaxial Co2MnSi/MgO(001) interface for the three differ-
ent terminations considered here: CoCo/O top, where both
Co atoms sit on top of the O atoms of the insulator; MnSi/O
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Figure 3. (Color online) Optimized atomic structure of epitax-
ial Co2MnSi/MgO(001)/Co2MnSi MTJs (shown with 5 layers of
MgO) with the three different interface terminations considered here:
CoCo/O top, MnSi/O top, and MnMn/O top. The small numbers de-
pict the local magnetic moments of Co and Mn atoms near the inter-
face (in µB). The bulk values for Co and Mn are 0.97 and 3.17 µB,
respectively. The lower image illustrates different thermal electron
distributions in the two electrodes (TL > TR) and why a net current
can flow in this case without an applied electric field, given that the
transmission T (E) varies with the energy.
4top, where the Mn and Si atoms sit on top of the O atoms;
and analogously MnMn/O top, which is a nonstoichiometric
interface with MnSi substitutions. The selection of these three
interfaces (out of many more different interface structures) is
motivated by recent studies of the thermodynamic properties
of different Co2MnSi(001) surfaces37 and different epitaxial
Co2MnSi/MgO(001) interfaces.8 In these works, it has been
found that the CoCo/O and MnSi/O interfaces are the most
stable ones, while the MnMn/O interface can be grown under
nonequilibrium conditions and preserves the half-metallicity.
We find the CoCo/O and MnMn/O interfaces to be planar
(cf. Fig. 3). The Co-O bond length (given for 5/7 layers of
MgO) is the shortest with 2.10/2.10 Å (2.09 Å8), while the
Mn-O bond length is 2.38/2.35 Å (2.40 Å8). In contrast, the
MnSi/O interface is corrugated: There seems to be some re-
pulsion between Si and O atoms, which could be caused by a
rehybridization of the under-coordinated interface Mn atoms.
Consequently, the Si atoms move towards the next CoCo layer
in the Heusler electrode, while the Mn atoms form bonds with
the O atoms. The Si-O distance is 3.13/3.13 Å (3.17 Å9), and
the Mn-O distance is 2.20/2.20 Å (2.27 Å,8 2.25 Å9) now.
A similar effect occurs in the first MgO layer at the inter-
face. The electrode-electrode distance across the insulating
spacer layer is largest for MnSi/O and smallest for CoCo/O
(cf. Fig. 3).
Our interface band structures (not shown here) agree with
previous all-electron results of Hülsen et al.:8 While the struc-
turally optimized CoCo/O and MnSi/O interfaces induce in-
terface states at the Fermi energy, the MnMn/O interface re-
mains half-metallic.
Figure 3 does not only show the atomic, but also the mag-
netic structure at the different interfaces. The Co and Mn
magnetic moments near a CoCo/O interface are significantly
lowered when compared with bulk Co2MnSi. In contrast,
the Mn moments are strongly increased close to a MnSi/O or
MnMn/O interface. The subsurface Co atoms exhibit bulklike
(MnSi/O) or increased values (MnMn/O).
In total, there is a good agreement of the present struc-
tural, electronic, and magnetic results with those obtained by
Hülsen et al. (LAPW, Ref.8) and Miura et al. (USPP, Ref.9).
Small differences with respect to the literature arise mostly
due to the different MgO barrier sizes used in the calculations
(3 layers in Ref.,8 5/7 layers here), as we verified by perform-
ing calculations with different MgO barrier thickness. De-
viations from all-electron results due to the pseudopotential
approach are found to be negligible.
IV. ELECTRONIC TRANSPORT
In the case of a parallel magnetization of the half-metallic
electrodes, a conventional tunneling current can flow at least
in the majority spin channel. First, we will briefly comment
on the transmission at the Fermi energy. Afterwards, we will
extend this view to a larger energy interval, as it is required
for the subsequent determination of spincaloric properties.
In Fig. 4(a), we can see how the majority spin transmis-
sion at the Fermi energy T↑(EF), Eq. (1), depends on the
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Figure 4. (Color online) (a) Dependence of the majority spin trans-
mission T↑(EF), Eq. (1), through Co2MnSi/MgO(001)/Co2MnSi
MTJs on the MgO barrier thickness and on the interface termina-
tion. The exponential suppression of the transmission with increas-
ing tunneling barrier thickness can be seen. (b) Contour plots of the
majority spin transmission T↑(EF,~k⊥) in the 2D BZ for 5 layers of
MgO and different interface terminations. Note the different scaling
factors. The ~k⊥-resolved transmission through a tetragonal unit cell
of bulk Co2MnSi is also shown. The 2D BZ refers to the tetrago-
nal supercell, which contains the Heusler material in its 45◦-rotated
form.
MgO barrier thickness and on the interface termination. For
all three interfaces one observes an exponential decay of the
transmission with the barrier thickness, which is characteris-
tic for tunneling through a potential barrier. We use 3 to 7
atomic layers of MgO here. Experimentally, barriers of 1.4
to 3.2 nm size have been used,6,7 corresponding roughly to 7
to 15 atomic layers of MgO. This may lead to a further re-
duction of the transmission. It is smallest for the CoCo/O in-
terface and largest for the MnMn/O interface, which can be
modeled by tunneling through potential barriers of different
height (see below). The contour plots of the majority spin
transmission T↑(EF,~k⊥), which are displayed in Fig. 4(b) in
the 2D BZ, show that the contributing channels are mostly
concentrated around the Γ¯ point (normal incidence). How-
ever, there are also small satellite peaks in the vicinity of the
M¯ point in the case of the CoCo/O interface. For compari-
son, the majority spin transmission through a tetragonal unit
cell of bulk Co2MnSi at the Fermi energy is also shown in
Fig. 4(b). It represents the available incoming or receiving
transmission channels and is equivalent to the projected Fermi
surface (cf. Fig. 2).38
Aiming for spincaloric properties, the transmission Tσ(E)
needs to be calculated on a larger energy interval, not only
at EF. Since for each energy point the whole 2D BZ has to
be sampled, this procedure is very time consuming. The re-
sults in an energy interval of±1.0 eV around EF are shown in
Fig. 5, together with the energy-resolved transmission through
a tetragonal unit cell of bulk Co2MnSi, which can serve as ref-
erence. Note that the whole energy range is within the MgO
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column) spin transmission Tσ(E − EF) through (a) bulk Co2MnSi
and (b) Co2MnSi/MgO(001)/Co2MnSi MTJs with 5 layers of MgO.
(c) Contour plots of Tσ(E,~k⊥) for two selected energies relative to
EF. Note that all contour plots show tunneling transport and have
different color scales (but fixed zero) to emphasize the qualitative
differences [cf. Fig. 4(b)].
band gap (tunneling transport). For the majority spin chan-
nel the transmission exhibits a smooth behavior for energies
above EF − 0.3 eV regardless of the interface termination.
The appearance of several features below this energy coin-
cides with the more structured majority spin band structure of
bulk Co2MnSi 0.5 eV below its Fermi energy [cf. Fig. 1(c)].
Moreover, Fig. 5(b) clearly shows that the transmission curves
cannot be matched by simply scaling the curves (i.e., expo-
nentiation) or shifting the Fermi energies. Since electrodes
and barriers are equal in all systems, the qualitative differ-
ences in the transmission properties can only stem from the in-
terface termination. This proves that the interface has a strong
influence on the transport properties beyond simply modify-
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Figure 6. (Color online) (a) Majority spin Kohn-Sham potentials
VKS(~r) of MTJs with 5 layers of MgO (gray shaded region) between
Co2MnSi Heusler electrodes (labeled by “H.”; only the interface re-
gion is shown). The potentials have been averaged in the xy plane
and aligned such that the Fermi energies EF of the corresponding
systems coincide [VKS(~r) = 0 eV here]. (b) Magnification of (a).
(c) Scheme of the electronic structure around the Fermi energy to
illustrate the definitions of EV and EC.
ing the MgO potential barrier height. Moreover, we can see
here that atomistic first-principles simulations are a prerequi-
site for a more detailed understanding of quantum transport
that goes beyond conceptual studies.
The minority spin transmission vanishes around the Fermi
energy due to the half-metallic band gap of the Heusler elec-
trodes. Beyond this gap, the minority spin transmission is
mostly much smaller than the majority spin transmission.
Like the curves of the latter, those of the former exhibit a
highly individual behavior, which points again to the influ-
ence of the interface.
The contour plots shown in Fig. 5(c) demonstrate that the
structure of Tσ(E,~k⊥) within the 2D BZ can be quite com-
plex: although the whole shown transmission through the bar-
rier is due to tunneling, it is in general not concentrated around
normal incidence (Γ¯ point), in contrast to the findings at the
Fermi energy. Quite often there is no transmission at the
Γ¯ point at all. Hence, it is not sufficient to restrict the 2D
BZ sampling to the area around the Γ¯ point (or even to use
just the Γ¯ point). Consequently, the results of Miura et al.9
for the energy-resolved transmission Tσ(E) are quantitatively
and qualitatively different from our results, even though their
results for Tσ(E, ~k⊥= Γ¯) agree with those obtained by us
under the same assumptions for testing purposes (not shown
here).
It is not straightforward to explain the strong dependence
of the energy-resolved transmission T↑(E) on the interface
termination. Figures 6(a) and 6(b) show the majority spin
6Kohn-Sham potentials VKS(~r), which have been averaged in
the xy plane and aligned such that the Fermi energies of the
corresponding systems coincide, for the three different MTJs.
Incoming electrons have to traverse these potentials and are
scattered differently. Two aspects shall be discussed here:
(i) On the one hand, the potential peak sequence in the cen-
tral barrier region is CoCo/O, MnSi/O, and MnMn/O, which
agrees with the reversed sequence of the transmission mag-
nitude observed at the Fermi energy [cf. Fig. 4(a)]. One can
extract the energy separations between the MTJ Fermi energy
and the MgO valence band maximum EV or the conduction
band minimum EC [cf. Fig. 6(c)] by matching the potentials
in the central barrier region with the xy-averaged potential of
tetragonally distorted bulk MgO. The EC values for CoCo/O,
MnSi/O, and MnMn/O are 2.28, 1.92, and 1.82 eV, respec-
tively, whereas the corresponding EV values are 2.72, 3.08,
and 3.18 eV. This shows explicitly that the energy interval
considered in Fig. 5 is indeed located within the band gap
of epitaxial MgO. We find that the ratios of different
√
EC
agree with the ratios of the fitted slopes κ in Fig. 4(a), in the
spirit that T (EF) ∼ e−κd, where κ ∼
√
EC and d is the bar-
rier thickness. (ii) On the other hand, the broadest and highest
(smallest and lowest) potential peak at the interface belongs to
the MnSi/O (CoCo/O) termination [cf. Fig. 6(a)], which also
exhibits the largest (smallest) electrode-insulator spacing in
its atomic structure (cf. Fig. 3). This reflects the influence of
the different bonding at the interface and the different atomic
species involved. The interplay of all these aspects determines
the energy-resolved transmission curves.
V. SPINCALORIC PROPERTIES
A. Calculation of the Seebeck coefficients
In the regime of linear response, where temperature gradi-
ents and voltages are assumed to be infinitesimally small, the
total current can be expressed as
I = (∆µ/e− S∆T ) ·G, (2)
where ∆µ = µL−µR and ∆T = TL−TR. The conductanceG
and the Seebeck coefficient S arising in this equation can be
obtained by using the approach of Sivan and Imry,11 which
starts from the central quantity Tσ(E) and the Fermi distribu-
tion function f = fµ,T (E). Within Mott’s two-current model,
the spin-projected and temperature-dependent conductance is
expressed as
Gσ(T ) = −e
2
h
∫
dE
∂f
∂E
Tσ(E), (3)
the total conductance being simply G = G↑ + G↓, and the
spin-projected Seebeck coefficients take on the form
Sσ(T ) = − 1
eT
∫
dE
∂f
∂E
(E − µ) Tσ(E)∫
dE
∂f
∂E
Tσ(E)
. (4)
-200
-150
-100
-50
0
50
200 400 600
S
ee
b
ec
k 
co
ef
fi
ci
en
t 
(µ
V
/K
)
temperature (K)
CoCo/O
MnSi/O
MnMn/O
10-4
10-3
10-2
200 400 600
co
n
d
u
ct
an
ce
 (
e2
/h
)
temperature (K)
CoCo/O
MnSi/O
MnMn/O
Figure 7. (Color online) Results obtained with the Sivan-Imry ap-
proach for Co2MnSi/MgO(001)/Co2MnSi MTJs with different in-
terface terminations and 5 layers of MgO. The left panel shows the
conductance G↑(T ) ≈ G(T ) [Eq. (3)]. The right panel shows the
Seebeck coefficient Seff(T ) ≈ S↑(T ) ≈ Sspin(T ) [Eqs. (4) and (5)].
They are not additive (S↑ + S↓ 6= S) due to the different de-
nominators and do not have a strict physical meaning. How-
ever, with these quantities the effective (“charge”) and the
spin-dependent Seebeck coefficient can be expressed as
Seff =
G↑ S↑ +G↓ S↓
G↑ +G↓
and Sspin =
G↑ S↑ −G↓ S↓
G↑ +G↓
.
(5)
Thus, the two spin channels are treated as parallel connected
resistors here. The spin-dependent Seebeck coefficient is a
measure for the thermally induced spin accumulation. In
Eqs. (3) and (4) one usually sets µ ≡ EF, where EF de-
notes the common Fermi energy of the MTJ cell and of the
electrodes, thereby neglecting any temperature dependence of
the chemical potential. The precise meaning of the temper-
ature T , commonly regarded as average temperature,11 will
become transparent later, since actually there should be two
temperatures, TL and TR, corresponding to the left and the
right lead, respectively.
Results for the epitaxial Co2MnSi/MgO(001)/Co2MnSi
MTJs are shown in Fig. 7. For the temperature range con-
sidered here there are no relevant contributions to G from the
minority spin channel (G↓/G↑ < 2.5 · 10−4) due to the half-
metallic band gap in the electrodes. Thus, Seff ≈ S↑ ≈ Sspin,
which means that the entire voltage generated under a temper-
ature gradient is converted into a spin accumulation. The con-
ductance is largest for the MnMn/O interface and smallest for
the CoCo/O interface. In contrast, the CoCo/O interface leads
to the largest Seebeck coefficient (in absolute value), while it
is smallest for the MnMn/O interface.
These results, especially the latter one, can be anticipated
from the transmission curves shown in Fig. 5(b). Equation (4)
7makes it clear that the Seebeck coefficient strongly depends on
the asymmetry of the transmission Tσ(E) around the Fermi
energy EF. If, for instance, the Fermi energy lies in a band
gap, the Seebeck coefficient can be tailored by shifting the
Fermi energy towards one of the band edges. This can be
done by doping or adequate selection of the electrode materi-
als. Another (equivalent) route is a shifting of the entire band
gap (valence band maximum and conduction band minimum)
around the Fermi energy, which can be done, for instance, by
using different Heusler spacer layers between a fixed electrode
material, or by exploiting the band structure modifications in-
duced by epitaxial strain.39,40
Comparison of the results we obtained for our
Co2MnSi/MgO(001)/Co2MnSi MTJs to other Co2-Heusler-
based systems with CoCo interfaces that have been investi-
gated recently reveals that the Seebeck coefficients for the
present system are much higher (cf. Table I). For the CoCo/O
interface, our Seebeck coefficients are even higher than those
for Fe/MgO/Fe or Co/MgO/Co MTJs.41 This leads to larger
and more easily detectable thermally induced voltages, as
we will also see in more detail below, which makes the con-
sidered system more attractive for applications. Comparison
with the recently measured, small Seebeck coefficient of bulk
Co2MnSi (−6 µV/K at 300 K42) underlines the advantage of
such a nanostructured MTJ.
It is worthwhile to speculate what will happen if the MgO
band gap is increased, e.g., due to a more accurate ab ini-
tio description of its electronic structure. A larger EC value
[cf. Fig. 6(c)] will suppress the transmission, T˜σ(E) =
α(E)Tσ(E), which lowers the conductance. However, the
suppression α will not be a constant factor [which would can-
cel in the calculation of the Seebeck coefficient, Eq. (4)], but
a function of the energy, and, as anticipated from the ana-
lytical expression for tunneling through a rectangular poten-
tial barrier, stronger for higher than for lower energies. The
thereby induced change of the asymmetry around the Fermi
energy will scale the Seebeck coefficients towards less neg-
ative / more positive values. For the CoCo/O interface, for
instance, we estimated a change from −65 to −60 µV/K at
300 K43.
There are two drawbacks to the procedure used so far. First,
the temperature dependence of the chemical potentials in the
electrodes has not been accounted for. Indeed, this aspect
is frequently neglected in ab initio studies.29,30,39–41,44 It is
known that for semiconductors, for instance, this temperature
dependence is crucial for the thermoelectric properties. We
calculated it (i) by populating a fixed zero-temperature band
Table I. Comparison of the effective and spin-dependent Seebeck
coefficients determined for the present system to results for other
Co2-Heusler-based systems with a CoCo interface structure around
T = 300 K from the literature.
System, Interface Seff (µV/K) Sspin (µV/K)
Co2MnSi/MgO/Co2MnSi, CoCo/O −65 −65
Al/Co2Ti(Si,Ge)/Al, CoCo39 −13 to +1 −3 to +1
Pt/Co2(Mn,Fe)(Si,Al)/Pt, CoCo40 −4 to +18 −5 to +5
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Figure 8. (Color online) (a) Variation of the chemical potential µ(T )
with the temperature in bulk Co2MnSi, calculated in two different
ways as explained in the text (“static” vs. “dynamic”). (b) Finite-bias
influence of small voltages V ∈ [−0.1,+0.1] V on the transmis-
sion T (E, V ) through a Co2MnSi/MgO(001)/Co2MnSi MTJ with
CoCo/O interfaces and 5 layers of MgO. One can see that effects of
finite bias voltages are negligible here.
structure according to the Fermi-Dirac distribution for differ-
ent temperatures (called “static” here) and, for comparison,
(ii) during the DFT self-consistent field runs by using a Fermi-
Dirac smearing with different temperatures (called “dynamic”
here). Both methods lead to quite similar results for Co2MnSi
[cf. Fig. 8(a)], which means that the response of the electronic
system to the temperature-increased smearing is small. For
the temperatures of interest here, the shift of the chemical po-
tential µ(T ) is smaller than ±5 meV. It is tempting to use
this as justification to neglect it during the calculation of the
system’s response to a temperature gradient; whether this is
acceptable or not will be discussed in the following in the con-
text of a different approach.
As a second disadvantage of the linearized treatment, finite-
bias effects due to the potential difference between the two
electrodes cannot be included. We investigated this aspect
for the present MTJs and found that the influence of small,
but finite voltages (and thermally induced voltages are usu-
ally small) between the electrodes is negligible [cf. Fig. 8(b)],
which is probably related to the uniform behavior of the
bands near EF [cf. Fig. 1(c)]. The shown transmission
curves T (E, V ) have been calculated for several bias volt-
ages V from symmetrically shifted bands in the electrodes
around the common Fermi energy. Due to the symmetric setup
of the MTJ cell, the sign of the bias voltage has no influence
on the transmission. If finite-bias effects are not negligible,
the approach outlined in the following is capable of including
them.
8B. An alternative route to spincaloric properties
The procedure used so far is currently the standard
route to calculating thermoelectric and/or spincaloric prop-
erties. For instance, it has been used recently to investigate
Al/Co2TiSi/Al and Al/Co2TiGe/Al heterostructures.39 How-
ever, this formalism is only an approximation and works
best for very small thermal gradients between the two con-
tacts. It is, though, possible to access thermoelectric and/or
spincaloric properties more exactly and without calculating a
Seebeck coefficient at all; this is presented in the following.
In the end one is interested in a current I or a voltage V =
(µL − µR)/e arising as a response of the MTJ to an applied
thermal gradient or, more precisely, to the two applied tem-
peratures TL and TR in the left and the right electrode, re-
spectively. If the circuit is closed, a thermally driven current I
will flow, which can be calculated directly from the Landauer-
Büttiker formula:
I(TL, TR) =
e
h
∫
dE [fTL(E)− fTR(E)] T (E), (6)
where T = T↑ + T↓. Since no counteracting electric field
can build up (V = 0), it follows that µL = µR = EF; thus,
the chemical potentials have been omitted in the formula. The
currents calculated for our Co2MnSi-based MTJs with 5 lay-
ers of MgO can be seen in Fig. 9, left column.
If we consider, on the other hand, an open circuit without a
current, I = 0, the charge flow induced by the thermal gradi-
ent has to be compensated by an electric field, which is pro-
portional to V . By using the Landauer-Büttiker formula once
more, we can now write:
0
!
=
e
h
∫
dE [fµL,TL(E)− fµR,TR(E)] T (E). (7)
The goal is to find a pair (µL, µR) that solves this integral
equation, which parametrically depends on the temperatures
TL and TR. Since the potential drop across the devices studied
here will be symmetric due to their symmetric construction,
the following additional assumption is reasonable:
(µL + µR)/2 = EF,
which can be used to eliminate one of the variable chemical
potentials. Besides, this reduces the numerical effort required
to solve Eq. (7).
We note that the transmission T (E) in Eq. (7) is not re-
calculated for appropriately shifted bands here (finite-bias ef-
fects). Therefore, generally speaking, even this approach is
an approximation which works best for small response volt-
ages V . Luckily, thermally induced voltages are usually small
enough, especially in the present temperature range. More-
over, it is shown explicitly in Fig. 8(b) that finite-bias effects
can safely be neglected here. If, in contrast, the differences
between T (E) and T (E, V ) were not negligible, such finite-
bias effects could be included in the present approach. An
improved version of Eq. (7) would read:
0
!
=
e
h
∫
dE [fµL,TL(E)− fµR,TR(E)] T (E,
µL − µR
e
),
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Figure 9. (Color online) (Left) Thermally driven closed-circuit cur-
rents I(TL, TR) (e2/h · µV) as calculated from Eq. (6) for three
Co2MnSi/MgO(001)/Co2MnSi MTJs with different interfaces and
5 layers of MgO. (Right) Comparison of the open-circuit volt-
ages V (TL, TR) = (µL − µR)/e (mV) as determined from solv-
ing Eq. (7) (solid lines) and corresponding voltages calculated from
Seff(TL) by using Eq. (8) (dashed lines) for the same three systems.
but is computationally even more demanding than the afore-
mentioned approach, since T (E, V ) has to be calculated for
several bias voltages V .45 Especially in conjunction with ther-
mally induced transport, which requires larger energy integra-
tion intervals than field-driven transport, this can be tedious.
The solution of Eq. (7) can be found, for instance, by using
numerical integration and the bisection method starting from
µL = µR = EF. This provides the voltage response V (TL, TR)
of the MTJ as shown in Fig. 9, right column. On the other
hand, the Sivan-Imry Seebeck coefficient Seff(T ) defined in
Eq. (5) can be understood as first-order Taylor expansion co-
efficient of this voltage,
V (TL, TR) = Seff(TL) · (TL − TR) +O(T 2R ). (8)
This becomes obvious from Fig. 9, right column, where
the dashed lines are tangent to the real voltage curves
around TR = TL. One can see explicitly here that the Sivan-
Imry approach provides quite good results for small thermal
gradients, as expected.
Both current I and voltage V are given in Fig. 10 for sev-
eral combinations of TL and TR. Due to the symmetric setup
of the MTJ cell, all panels are antisymmetric with respect to
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Figure 10. (Color online) Thermally driven closed-circuit cur-
rents I(TL, TR) as calculated from Eq. (6) (left) and open-circuit volt-
ages V (TL, TR) = (µL − µR)/e as determined from solving Eq. (7)
(right) for Co2MnSi/MgO(001)/Co2MnSi MTJs with different inter-
faces and 5 layers of MgO.
the dashed diagonal line (TL = TR). The thermally induced
voltages do not exceed 70 mV for the considered tempera-
ture range, which justifies the neglect of finite-bias effects a
posteriori. There is no simple linear dependence between I
and V , although one could get this impression from Fig. 10.
The generated voltage V is largest for the CoCo/O interface
and smallest for the MnMn/O interface. Moreover, the sign
of I and V is reversed for MnSi/O with respect to CoCo/O
and MnMn/O, which is also consistent with the convention-
ally determined Seebeck coefficients shown in Fig. 7, as is the
sign flip that can be observed in current and voltage for the
MnMn/O interface.
C. The role of the electrode chemical potentials
So far, we have neglected the temperature dependence of
the chemical potentials in the electrodes, µL(TL) and µR(TR).
It has been shown in Fig. 8(a) that the variation of the chemi-
cal potential with the temperature is quite small for Co2MnSi.
On the other hand, we can expect an approximate voltage cor-
rection ∆µ/e = µL(TL)/e−µR(TR)/e in the spirit of Eq. (2),
which can be of similar size as the voltages calculated for
MnSi/O and MnMn/O (cf. Figs. 9 and 10). In the following,
we will use our approach to obtain the exact correction.
Now, the finite temperature does not only broaden the
reservoirs’ Fermi distribution functions, but also shifts them
slightly to higher or lower energies. The current can be ex-
pressed as
I˜(TL, TR) =
e
h
∫
dE
[
fµL(TL),TL(E)− fµR(TR),TR(E)
] T (E),
(9)
very similar to Eq. (6). In analogy to Eq. (7), the integral
equation from which the voltage can be calculated reads:
0
!
=
e
h
∫
dE
[
fµL(TL)+λ,TL(E)− fµR(TR)−λ,TR(E)
] T (E).
(10)
In this context, the µL/R(T ) are not variables, but predeter-
mined functions providing solely the thermal variation of the
electrode chemical potentials, whereas λ models the field-
induced potential shift and is determined by using the bisec-
tion method, very similar to the case investigated above. From
this quantity, the voltage follows as V˜ (TL, TR) = 2λ/e. The
formalism supports electrodes made from different materials,
but since both electrodes are made from the same material
here, we can set µL(T ) = µR(T ) = µ(T ). We use the µ(T ) in
the following that has been obtained with the “static” method
[cf. Fig. 8(a)].
As we can see in Fig. 11, the influence of the temperature-
dependent chemical potentials on current and voltage is very
strong, even though µ(T ) varies only in the small range of
±5 meV. While the relative corrections to current and voltage
are small for the CoCo/O interface, sign and magnitude are
changed for the MnSi/O and, especially, the MnMn/O inter-
face. This can also be seen in Fig. 12 for several combinations
of TL and TR. We end up with changes of quantitative and
qualitative nature. The differences I˜− I and V˜ −V are found
to correspond to the largest part to ∆µ/e ·G and −∆µ/e, re-
spectively, a behavior similar to linear response [cf. Eq. (2)].
This is illustrated in the small panels in Fig. 11. While Eqs. (9)
and (10) in fact do provide further corrections, as they are
caused by the interplay of thermal shift and broadening of the
Fermi distribution functions in conjunction with the noncon-
stant transmission, these nontrivial contributions are found to
be of minor importance here. For the curves shown in Fig. 11,
they are close to zero for TR < 300 K; we find that they play a
role only for higher temperatures, i.e., for a larger broadening
of the expression fµL,TL − fµR,TR .
In order to get a mathematical impression of these correc-
tions, we first approximate the transmission around the Fermi
energy (chosen as zero) roughly as
T (E) = τ0 + τ1E +O(E2),
where τ0 = T (0) and τ1 = T ′(0), and subsequently perform
a Sommerfeld expansion of Eq. (10):
0
!
=
∫ µL+λ
µR−λ
dE T (E) + pi
2
6
k2B
[
T 2LT ′(µL+λ)− T 2RT ′(µR−λ)
]
= (2λ+µL−µR)
[
τ0 +
µL+µR
2
τ1
]
+
pi2
6
k2Bτ1
(
T 2L−T 2R
)
,
10
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Figure 11. (Color online) Influence of the temperature-dependent
chemical potentials in the leads. (Left) Thermally driven closed-
circuit currents I˜(TL, TR) (e2/h · µV) as calculated from Eq. (9) for
three Co2MnSi/MgO(001)/Co2MnSi MTJs with different interfaces
and 5 layers of MgO. (Right) The open-circuit voltages V˜ (TL, TR)
(mV) as determined from solving Eq. (10) (solid lines) for the same
three systems. The gray dashed lines in each panel are replicated cur-
rent and voltage curves from Fig. 9 for comparison. The small panels
show the difference V˜ (TL, TR)− V (TL, TR)− (µ(TR)− µ(TL)) /e
(mV) for each of the three curves.
where µL ≡ µ(TL) and µR ≡ µ(TR). This equation can be
solved algebraically for 2λ ≈ eV˜ (TL, TR). Hence, the differ-
ence between the voltages obtained from Eqs. (10) and (7) for
the linear model transmission is:
V˜ −V ≈ −∆µ
e
−pi
2
6
k2B
e
τ1
(
T 2L−T 2R
){ 1
τ0+
µL+µR
2 τ1
− 1
τ0
}
.
For finite temperature gradients, the second term vanishes
only if τ1 = 0 or µ(T ) ≡ 0 and therefore always provides
a correction to the first term, even for this simple model trans-
mission.
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Figure 12. (Color online) Thermally driven closed-circuit cur-
rents I˜(TL, TR) as calculated from Eq. (9) (left) and open-circuit
voltages V˜ (TL, TR) as determined from solving Eq. (10) (right) for
Co2MnSi/MgO(001)/Co2MnSi MTJs with different interfaces and
5 layers of MgO, including the effects of temperature-dependent
chemical potentials in the electrodes. The temperature range is
smaller than in Fig. 10 to underline the differences.
We conclude that accounting for the temperature-dependent
chemical potentials in the electrodes is crucial in order to get
both the correct current and voltage response of the system,
since the thermally induced voltages are of the same order of
magnitude as the variations of the chemical potentials. The
conventional Seebeck coefficient Seff alone and the voltage it
implies according to Eq. (8) can be misleading. Note that the
variations of µ(T ) in popular electrode materials like Fe or Al
are of the same order of magnitude as they are in Co2MnSi.
D. Thermally operated MRAM modules
We end this paper with a practical example. Table II shows
some voltages generated by a single MTJ if the two elec-
trodes (parallel magnetization) are operated at different tem-
peratures, for instance, around room temperature. We see here
explicitly that the magnitude (and, at lower operating tem-
peratures, also the sign; cf. Fig. 12) of the thermally induced
voltage can be tailored by exploiting the fact that the MTJ in-
terface formation can be controlled by adjusting the growth
11
Table II. Exemplary voltages generated by single MTJ cells (par-
allel electrode magnetization) with different interfaces, operated at
different temperatures TL/TR. The values in parentheses take the
temperature-dependent chemical potentials into account [Eq. (10)].
Interface 290/310 K 340/360 K
CoCo/O +1.30 mV (+1.48 mV) +1.51 mV (+1.72 mV)
MnSi/O −0.11 mV (+0.06 mV) −0.14 mV (+0.07 mV)
MnMn/O −1.48 µV (+0.18 mV) +1.84 µV (+0.21 mV)
conditions.8 Since especially the CoCo/O voltages can be
measured without problems, Co2MnSi/MgO(001)/Co2MnSi
MTJs, grown under Co-rich conditions, can be used in future
“thermo-MRAM” modules (cf. Fig. 13), where the stored in-
formation is read out without a flowing charge current by ex-
ploiting the magneto-Seebeck effect. This is different in con-
ventional MRAM modules.5 In the case of a parallel electrode
magnetization (state “1”), a voltage will be generated by the
MTJ (due to the temperature gradient between the heat source
and the heat sink) that acts upon the gate of a field-effect tran-
sistor. If the electrodes are magnetized antiparallel (state “0”),
no (or, at least, a much lower) voltage arises, and the transis-
tor remains blocked. The application of a thermal gradient is
only necessary for the readout process; the stored information
is not lost if TL = TR. Moreover, it can be exploited that the
current (and thus the possible power) scales with the area of
the MTJ, whereas the voltage can be increased, if necessary,
by a serial arrangement of MTJs. We think that such devices
could be used in modern, energy-efficient computers, where,
for example, the heat emitted by the CPU, in conjunction with
its cooling heat sink, provides the necessary temperature gra-
dient.
VI. SUMMARY
We have investigated the electronic transport and
spincaloric properties of epitaxial magnetic tunnel junc-
tions with half-metallic Co2MnSi Heusler electrodes, MgO
tunneling barriers, and different interface terminations on
the basis of first-principles calculations. It has been shown
that the interface has a strong influence on the electronic
transport properties beyond simply modifying the height of
the tunneling barrier potential, and that the tunneling trans-
mission is not necessarily concentrated around the Γ¯ point
in the two-dimensional Brillouin zone. We have calculated
the transmission on a large energy interval for each interface,
and from these results the spincaloric properties have been
obtained with the linearized method of Sivan and Imry.
For comparison, a new approach has been presented that
circumvents the linear response approximation inherent in
the Seebeck coefficient. This approach supports two tempera-
tures with finite difference in the two electrodes and provides
the exact current and/or voltage response of the system.
Moreover, it can directly account for temperature-dependent
chemical potentials in the electrodes and finite-bias effects,
and we have shown that especially the former are impor-
tant for obtaining qualitatively correct results, even if the
variations of the chemical potentials are small in the present
system. It has been suggested how the spincaloric properties
can be tailored by the choice of the growth conditions. In
particular, we have found a large effective and spin-dependent
Seebeck coefficient of −65 µV/K at room temperature for
the purely Co-terminated interface. Such interfaces can be
used in thermally operated magnetoresistive random access
memory modules, which are based on the magneto-Seebeck
effect and which we have suggested here, to maximize the
thermally induced readout voltage.
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Figure 13. (Color online) Illustration of the suggested thermo-
MRAM module in the cross-point architecture based on the magneto-
Seebeck effect. The thermal gradient between the heat source and
the heat sink generates different voltages in the MTJs which depend
on their magnetic state (parallel/antiparallel electrode magnetization)
and can be used to detect the state of a selected MTJ and thus the in-
formation stored in it. Writing units are not shown here.
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